The petroleum industry has shown interest in utilizing the Gas-Liquid Cylindrical Cyclone (GLCC) separator as an alternative to the vessel-type separator. Thus, it is important to develop predictive tools for design and to improve the technology of the GLCC. Previous studies have resulted in mechanistic models capable of predicting the operational envelope for liquid carry-over. However, these models do not address details of the complex flow field in the GLCC and related phenomena such as gas carry-under. This paper presents computational fluid dynamics (CFD) simulations of single-phase and two-phase flow in several GLCC configurations. The CFD simulations are compared with experimental data including tangential velocity profiles and tangential velocity decay. Good agreement is observed between the data and the simulations. An axisymmetric model for the GLCC is also developed. The axisymmetric simulations, which are computationally efficient, give good results as compared to the three-dimensional simulations. Preliminary two-phase flow simulations are also performed to predict the gas void fraction distribution in the GLCC.
Introduction
The Gas-Liquid Cylindrical Cyclone (GLCC) separator is simple, compact and low weight, and has low capital and operational costs. The GLCC has a wide variety of potential applications, varying from only partial separation to a complete phase separation. Currently, the design of GLCC units is based on limited experience, without a high degree of confidence. Despite reliable predictive tools, several cases of successful application of GLCC separators have been reported for multiphase separation, metering and pumping. GLCC's are also utilized for portable well testing meters and for a limited range of gas/liquid separation such as for wet gas.
A representation of the available literature on cyclone separators and related physical phenomena is given in the list of references . A review of the literature reveals that very little information is available about the optimum design and performance of GLCC's. Furthermore, existing mathematical models of cyclone separators have been limited to single-phase flow with low concentration of a dispersed phase. No reliable models are available for cyclones
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(conical or cylindrical) that are capable of simulating full range of multiphase flows entering and separating in a cyclone.
The GLCC is shown schematically in Fig. 1 . The gas and liquid mixture flows through an inclined inlet section, to enhance stratification, prior to reaching a tangential inlet slot. As a result, a swirl is formed causing the gas and liquid to separate due to the centrifugal force. The liquid moves toward the wall and downward, while the gas flows to the center and exits from the top. For certain operating conditions, some liquid droplets flow with the gas and move up toward the gas leg. This phenomena is referred to as the liquid carry-over. On the other hand, gas bubbles may be entrained with the liquid and exit from the bottom of the GLCC (gas carry-under).
Based on experimental and theoretical studies performed at The University of Tulsa 22, 27 , a mechanistic model has been developed to predict the operational envelope for liquid carry-over and bubble trajectories. However, the model does not address details of the complex flow behavior in the GLCC and related phenomena such as gas carryunder and separation efficiency. The understanding of the flow behavior in the GLCC is essential for development of a comprehensive model to predict gas carry-under. In the present work, computational fluid dynamic (CFD) simulation is carried out to shed more light on details of the flow behavior in the GLCC. In this study, commercially available CFD code, namely, CFX is utilized to simulate both single-phase and two-phase (gas-liquid) flow in several GLCC configurations. 
Single-Phase Flow Simulations
To better understand the hydrodynamic flow behavior in the GLCC, single-phase (only liquid) flow simulations were carried out using a commercially available CFD code called CFX. Initially, three-dimensional simulations were performed. Based on the results from the three-dimensional simulations, an axisymmetric model was developed, which is much more computationally efficient than the threedimensional simulations. For all present single-phase flow simulations, the flow is assumed to be turbulent and a high Reynolds number version of the k-ε turbulence model is employed. Appendix A gives a brief description of the governing equations used in CFX for single-phase flow.
Three-Dimensional Simulation. The accuracy of the simulations was evaluated by comparing the predictions from CFX with available experimental data from the literature (Farchi 23 ). The experimental data were acquired utilizing a short 186 mm ID GLCC (L/D ≈ 1.5), shown in Fig. 2 , operating with air and water at atmospheric conditions. Tangential velocity measurements were taken with pitot-static probes at four different axial locations: just below the inlet and at 95, 190, and 285 mm below the inlet. Measurements of the tangential velocity were performed for several different gas and liquid flow rates. Uncertainties in velocity measurements were not reported.
The results presented below are for liquid and gas mass flow rates of m l = 2.66 kg/s and m g = 0.002 kg/s, respectively. For the single-phase flow simulations, it is assumed that there is no slip between the gas and the liquid phases at the inlet. Thus, the liquid holdup at the inlet is simply the no-slip holdup. Only liquid flow into the solution domain is considered. The inlet geometry is modified according to the liquid hold up at the inlet. The inlet slot height is reduced to reflect the fact that only liquid enters the computational domain. The liquid velocity at the inlet is then calculated based on the liquid flow rate and the adjusted inlet area. For this simulation, the inlet velocity of the liquid is estimated to be 4.3 m/s. Fig. 3 shows the geometry and a typical grid configuration that was used for the present computations. A total of 98,700 grid points (not all grid points are shown in Fig. 3 ) were used. Grid refinement study was conducted to obtain grid independent solution. The study indicated that a large number of grid points were required to obtain accurate solution for this three-dimensional simulation. The results shown below for this 3-D case were obtained by using 16, 120 , and 30 points in the radial, circumferential, and axial directions, respectively. Further grid refinement could not be done due to the limitations of the computational space on the workstation that was used for this study (HP 715/100). 
Inlet Outlet
The results of the simulation were compared to the experimental data for several different cases. Figs. 4 and 5, show comparison of the CFD simulation with the measured tangential velocity profiles for two locations: just below the inlet (Probe-1 location, as shown in Fig. 2 ) and Probe-3, respectively. Considering the accuracy of the velocity measurements with an intrusive pitot-static tube, the predictions and the experimental data are in a fairly good agreement. Note that the tangential velocity profile is shown across the diameter and is nearly symmetrical about the center of the separator. The tangential velocity in front of the inlet plane has a negative sign and on the other side (180 degrees in the circumferential direction) has a positive sign. The boundary layer in the near-wall region is very thin, and the present turbulence model being used does not solve for the near-wall (the region between the wall and the first grid point away from the wall) behavior. High tangential velocity occurs in the near-wall region. This high velocity in the near-wall region decays rapidly toward the center. Just below the inlet, as shown in Fig. 4 , the decay is exponential near the wall and is more nearly linear in the "core" region near the center. A similar trend is observed in Fig. 5 , but the shear layer is slightly thicker at this location because the boundary layer grows as the flow moves downward. Notice that the magnitude of the peak in the tangential velocity has decreased considerably from Fig. 4 (Probe 1) to Fig. 5 (Probe 3 ). This indicates a high decay of the tangential velocity in the axial direction as well as in the circumferential direction, especially near the inlet, as shown in Fig. 4 .
The simulation also revealed that the flow in the GLCC is complex and includes three velocity components: the tangential velocity, V t , the axial velocity, V z , and the radial velocity, V r . The highest tangential velocity, V t , is observed at the inlet, as shown in Fig. 6 . This figure is a map of tangential velocity contours in the plane perpendicular to the inlet which passes through the center of the separator. The high tangential velocity at the inlet dissipates rapidly in the inlet plane region. This dissipation continues in the axial direction towards the bottom of the separator. However, the tangential velocity decay is not as drastic as the one observed in the inlet region (similar to the observations made in Figs. 4 and 5) . The locus of the zero tangential velocity, which is the vortex center, can also be seen easily in Fig. 6 . The flow is nearly symmetrical around this locus which is very close to center of the separator, except for the inlet region. 
CFX Prediction
A very interesting flow behavior in the separator can be observed in Fig. 7 . This figure shows the projection of the velocity vectors in the plane perpendicular to the inlet. Secondary upward axial flow is observed in the center region of the separator, while the bulk of the axial flow moves downward with a swirl near the wall. This upward flow region was also simulated numerically by Bandyopadhyay 24 and observed experimentally by Millington and Thew 13 . The magnitude of this secondary upward flow is low as compared to the main tangential flow, and the average axial flow is downward. If the velocity vectors are examined carefully, it can be observed that there are two spiral circulation regions in the separator. The first one is at the top in the clockwise direction and the second one is at the bottom in the counter clockwise direction. After verifying the flow solution, three-dimensional simulations were carried on a 3 in. ID GLCC configuration that has been used in the experimental program 22 . In this configuration, the tangential inlet is inclined downward at about 27 degrees from the horizontal plane, as shown schematically in Fig. 1 . For this simulation, an inlet tangential velocity (V tis ) of 10 ft/s corresponding to an average axial velocity ( z V ) of 0.5 ft/s were used. The observed flow pattern was similar to that discussed above (Farchi's GLCC). Fig. 8 shows the projection of the velocity vectors in the plane perpendicular to the inlet. Only the simulation of the upper portion of the GLCC is presented in this figure (The GLCC length used for this simulation is 2 ft.). The figure shows a very strong upward flow near the inlet region in the center, which decays as the flow swirls downward. Eventually, as the tangential velocity dissipates downward, this upward flow region diminishes. This decay of the upward flow in the center region of the GLCC depends on the relative magnitude of the average axial flow velocity as compared to the tangential velocity, to be described later. Note that the downward flow near the inlet is high, because of the inclined inlet. This high downward flow decays rapidly also due to the high swirl, which is created by the tangential inlet. Although the three-dimensional flow simulations yield a detailed picture of the flow behavior, three-dimensional simulations take too much computational time to obtain converged and accurate solutions. Therefore, it is desired to create a simple axisymmetric (2-D) model which can also account for the three velocity components in the GLCC. This was also motivated due to the fact that the threedimensional simulations indicated that the tangential velocity was nearly symmetrical about the axis of the GLCC, except near the inlet, where high tangential velocity decay occurs. Thus, an axisymmetric model was developed and verified, as described below.
Axisymmetric Model Development. In reality, the flow is introduced into the GLCC tangentially from the inlet. On the other hand, in the axisymmetric (2-D) model, the flow is assumed to be introduced tangentially from the inlet all around the GLCC periphery, as shown in Fig. 9 . For this reason, an "equivalent tangential velocity" must be defined that accounts for the strong decay of the tangential velocity at the inlet plane. A mechanistic model was developed to determine the equivalent inlet tangential velocity. This was carried out by considering the momentum losses of the flow near the inlet. The model enables determination of the tangential velocity decay in the inlet region of the GLCC. The computed average tangential velocity is defined as the equivalent tangential velocity for the axisymmetric simulations. Two main regions are defined, namely, the core and the shear layer, as shown schematically in Fig. 10 . The thickness of the shear layer is assumed to be as wide as the thickness of the inlet slot. A momentum balance is then performed on the "small" control volume within the shear layer. The momentum loss of the tangential velocity near the inlet is assumed to be balanced by two forces. One force is the wall shear stress and the other is the shear force between the fluid within the shear layer and the core. Thus, the change in the tangential velocity, dV t , is obtained as a function of the circumferential direction, θ, the wall shear stress, τ w , and the shear stress at the core region, τ c, as
To compute the local wall shear stress, the Prandtl fully developed turbulent flow past a flat plate model is used
where
and θR is the arc length measured from the inlet. The shear stress at the core region is estimated based on the product of an eddy viscosity by the gradient of the tangential velocity (assumed to be linear in the core region), namely,
The turbulent eddy viscosity, µ t , is assumed to be related to the product of a characteristic turbulent length scale and a characteristic turbulent velocity scale. As a first-order approximation, the length scale is assumed to be the radius of the separator, and the tangential velocity is used to represent the turbulent velocity scale. Thus, the eddy viscosity is assumed to be given by:
where C is an empirical constant equal to 0.025. This constant was obtained by numerical experimentation using available tangential velocity data just below the inlet. Substituting Eqs. (2)- (5) into Eq. (1), the expression for the tangential velocity distribution as a function of the circumferential direction becomes an ordinary non-linear differential equation, which was solved by a numerical integration technique. After obtaining the tangential velocity distribution as a function of the circumferential direction, θ, the "equivalent tangential velocity" was obtained by calculating the average of the tangential velocity distribution. This velocity is used as the inlet tangential velocity for the axisymmetric simulations. In the axisymmetric simulations (using CFX), a radial velocity at the inlet must be specified to define the mass flow into the computational domain. For most cases considered in this study, the magnitude of the radial velocity is one or two orders-of-magnitude less than the tangential velocity at the inlet. The schematic of a typical geometry used for all axisymmetric simulations presented in this paper is shown in Fig. 11 . 
Side View

Inlet
Outlet
Axis of Symmetry
Axisymmetric Model Results.
To verify the accuracy of the axisymmetric simulations, the results from CFX were first compared to the experimental data of Farchi 23 . Also, grid refinement study was performed to obtain grid independent solution. For the axisymmetric case presented below, it was found that 30 grid points in the radial direction and 72 grid points in the axial direction were adequate. Increasing the number of grid points in the radial direction to 60, caused almost no change in the computed velocity profiles. Again, it should be noted that single-phase simulation is used for these two-phase flow cases. The inlet tangential velocity is computed by using the same procedure used in the 3-D simulations and also utilizing the equivalent tangential velocity model. Two different cases were considered for verification. Fig. 12 shows a comparison between the predicted tangential velocity profiles using the CFX axisymmetric simulation and the experimental data. For this case, the liquid and gas mass flow rates are 2.66 kg/s and 0.002 kg/s, respectively. Results are given for three different probe locations below the inlet: Probe-1, Probe-2, and Probe-3 (see Fig. 2 ). The agreement between the tangential velocity predictions and the experimental data for this case, as well as another case considered (not presented herein), is fairly good. A similar tangential velocity profile is observed as in the case of the three-dimensional simulations presented earlier. Both predictions and experimental data also show that there is almost no dissipation of the tangential velocity in the core region and that the tangential velocity has a nearly linear profile in this region. The main decay of the tangential velocity is in the shear layer near the wall. After the verification of the axisymmetric model and the flow solution, predictions were carried out for the 3 in. ID GLCC described before. Fig. 13 shows the result for inlet tangential velocity, V tis , of 10 ft/s and average axial velocity, z V , of 0.5 ft/s. The tangential velocity profiles, as a function of the radial direction, in different axial locations (approximately 0, 3, 6, 9, 12, and 24 inches below the inlet), are shown. Note that for this case, near the center of the cylinder (in the core region), the tangential velocity does not vary much, up to 12 inches below the inlet. Eventually, the viscous dissipation (boundary layer effects) influences the velocity profile in the core region at an axial location of 24 inches below the inlet.
The axisymmetric simulation shows a similar axial velocity behavior to that at the three-dimensional flow simulation. This can be seen in Fig. 14 which presents the predicted velocity vectors for the same case as the one given in Fig. 13 . The actual length of the simulated GLCC is about 4 ft, but only the simulation for the 2 ft below the inlet is shown. Again, a very strong upward flow occurs near the inlet region, which decays as the flow swirls downward. Eventually, as the tangential velocity dissipates downward, this upward flow region diminishes, as observed in the three-dimensional results. The main difference between the axisymmetric and the three-dimensional simulations is that the upward flow region predicted by the axisymmetric model is symmetrical about the center of the GLCC, but the upward flow region in the three-dimensional simulation has a spiral character, as shown in Fig. 8 . The axisymmetric simulations were used to study the sensitivity of the flow behavior for different ratios of the inlet tangential velocity to the average axial velocity (V tis / z V ). The simulations revealed that this ratio has important effects on the hydrodynamic flow behavior in the GLCC. These include the decay in the upward flow in the center region (or core), the downward flow near the inlet, and the swirl intensity. High V tis / z V ratio indicates a strong rotational flow that enhances separation, while low V tis / V z ratio results in a strong decay of the tangential velocity in the downward direction and may cause gas carry-under. The V tis / z V ratio also affects the capture radius, R cap , which is defined as the region between the secondary upward flow and the main downward flow (zero axial velocity), as depicted in Fig. 15 . In this region the gas bubbles are captured, separated, and move upward toward the gas leg. Prediction of the capture radius for the 3 in. GLCC as a function of the V tis / z V ratio is shown in Fig. 16 for 6 and 12 inches below the inlet. For low V tis / z V ratios, R cap is small. As the V tis / z V ratio increases, R cap increases exponentially and approaches a nearly constant value. The relation between R cap and V tis / z V can help define the operational envelope for gas carry-under, which is important for the design of the GLCC. 
Two-Phase Flow Simulations
The single-phase flow results provide significant information about the hydrodynamic flow behavior inside the GLCC. However, other important information such as the gas-liquid interface and the gas core vortex can not be predicted by these simulations. The effects of the gas-liquid interface and the presence of gas bubbles and the gas core on the hydrodynamic flow behavior must be studied. More specifically, how are the tangential velocity and axial velocity profiles affected by the presence of the gas phase? Two-phase flow simulations of the GLCC are, thus, needed to obtain this information.
The commercial CFD code (CFX) provides several options (models) for two-phase flow simulations. The different models include Eulerian-Eulerian models (two-fluid and homogenous), and Eulerian-Lagrangian models (one phase is entrained in another continuous phase) 25 . Since the main objective of the two-phase flow simulation is to examine the effects of the interaction and interface between the gas and the liquid phases, the Eulerian-Eulerian or the two-fluid model was selected. The governing equations of this model are given in Appendix A.
To demonstrate and verify the capabilities of CFX for simulating two-phase flow, a simple case of gas-liquid flow in a vertical square channel with a blockage 26 is simulated. The simulation results including pressure and gas void fraction were compared with the experimental data 26 . The simulations were performed using the existing dispersed two-fluid model in CFX. The results showed the correct trend of the experimental data. These results are not presented here.
In simulating two-phase flow in a GLCC, several problems arise in defining the boundary conditions. One of the problems is defining the gas and liquid distribution at the inlet boundary. This information is normally not available, but the user must specify the phase distribution and flow rates for each of the phases. Another problem is defining the outlet boundary conditions, because of the existence of two outlets in the GLCC. Although each outlet is mostly occupied by one of the phases, there is a possibility that both phases can be present at both liquid and gas exits (liq- uid carry-over and gas carry-under). This makes it difficult to define the mass flow rates of the gas and the liquid phases at each outlet, since the amounts of gas carry-under and liquid carry-over are not known a priori. The problem can be resolved by defining pressures at the outlet boundaries. However, usually no pressure data are available at the outlets. As a result of these boundary condition problems, it was decided to define the mass flow rates of both phases at both outlets. Initially, a complete separation of the two phases is assumed in order to obtain preliminary solutions. These solutions were obtained with the two-fluid model employing two different terms to account for the interaction between the two phases. These terms that account for the interphase momentum transfer between two phases, are called the "mixture model" and the "particle model". These models are used to define the inter-phase drag between the gas and the liquid phases (see Apendix A). The turbulence model that was employed for these simulations is so called the homogenous k-ε turbulence model. This model assumes that the values of the turbulent kinetic energy and the dissipation rates are the same for each of the phases. This is a simple generalization of the single-phase k-ε model, neglecting any interaction between the two phases. Details of these different models are presented in the CFX User Guide 25 .
Simulations were carried out for the short separator of Farchi 23 , shown in Fig. 2 . For this case, the liquid and gas mass flow rates are 2.66 and 0.002 kg/s, respectively. At the inlet, the velocity, void fraction and turbulence parameters (such as the turbulent kinetic energy and the dissipation rates) are specified for each of the phases. It is assumed that all of the gas flows out from the top boundary of the computational domain and that all of the liquid flows out from the bottom outlet.
Figs. 17 and 18 show the gas void fraction distribution predicted by the "particle model" and the "mixture model", respectively. Both figures reveal that the void fraction near the top is nearly unity, which indicates that all of the gas exits from the top. These figures also show that the liquid phase occupies the bottom part of the separator. The interface between the gas and liquid phases is smeared in both cases, due to the effects of the dispersion of volume fraction term which is used in the present simulations (see Appendix A). The simulation results show that the gas void fraction in the region between the inlet and outlet is approximately 0.5. This is not in agreement with the experimental observation which normally indicates that a gas vortex filament is formed near the center of the GLCC and very few bubbles are present in the liquid. Also, the tangential velocity distribution predicted by these simulations shows a much higher decay than that predicted by both the singlephase flow simulations and the experimental data presented earlier (in Fig. 7) . Currently, efforts are underway to further examine the two-phase flow models and improve the two-phase flow simulations.
Summary and Conclusions
Computational fluid dynamics (CFD) simulations of singlephase and two-phase flow were carried out to shed light on the detailed hydrodynamic flow behavior in a GLCC.
Results from the three-dimensional CFD code CFX include velocity distribution for single-phase flow. The simulations indicate that the flow in the GLCC is complex and includes three velocity components: the tangential velocity, V t , the axial velocity, V z , and the radial velocity, V r .
The flow from the inlet creates a forced vortex in the GLCC. The high tangential velocity dissipates significantly at the inlet region. The decay of the tangential velocity continues at a lower rate downstream in the axial direction. The CFD simulations are compared with experimental data including tangential velocity profiles and tangential velocity decay at several axial locations. Good agreement is observed between the data and the simulations.
An axisymmetric flow model was also developed. The axisymmetric simulations give good results as compared to the three-dimensional simulations and experimental data. Axisymmetric simulations are much more efficient and thus α=0.00 less expensive than the three-dimensional simulations. As a result, the axisymmetric model was employed for predicting flow behavior in the GLCC for both single-phase and two-phase flow situations.
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A sensitivity study of the effect of the ratio of the inlet tangential velocity to the average axial velocity, V tis / z V , on the flow behavior in the GLCC was carried out. The simulations showed that this ratio, V tis / z V , could have a significant effect on separation efficiency and gas carryunder. High V tis / z V ratio results in a strong rotational flow that enhances separation, while a low value of this ratio causes a strong decay of the tangential velocity in the axial direction, which may cause gas carry-under.
Initial two-phase flow simulations were carried out to determine the separation efficiency under different twophase flow conditions. Preliminary results show the correct trend of the void fraction distribution in the GLCC. However, the current turbulent two-phase flow models predict a much stronger decay of the tangential velocity than that observed experimentally. Efforts are underway to improve the two-phase simulation results. Simulation of two-phase flow in the GLCC is essential for determining the most important factors that contribute to the gas-liquid separation efficiency. In this part, a brief discussion of the equations and solution procedure used in CFX 25 is given for both single-phase and two-phase flow simulations.
Single-Phase Flow:
Conservation of mass:
where u is velocity vector. Conservation of momentum:
where B is a body force, p is the pressure, and T stands for transpose.
High Reynods number k-ε turbulence model: where d αβ is an inetfacial length scale (d αβ = 1 mm in this study) and ρ αβ is the mixture density.
The homogenous k-ε model is used in two-phase flow simulations. In this model, single-phase k-ε equations are used with mixture quantities (e.g., density, velocity, viscosity).
Dirichlet boundary condition is used at the inlet (all the variables are defined). Neumann boundary condition is used for the outlet boundary conditions (all transported quantities have zero normal gradient except for the velocity which is modified to conserve global mass continuty 25 ). Both the single-phase and the two-phase flow equations are solved iteratively by using the control volume approach in CFX. Hybrid differencing scheme is used for discretization. Convergence is assumed to be reached when the relative residuals reach 10 -4 .
